ABSTRACT -Grafted Coffea arabica L. plants were grown hydroponically in a greenhouse for an evaluation of their nutritional efficiency under the influence of different rootstocks. Four C. arabica genotypes were used as scions: 'Catuaí Vermelho IAC 15', 'Oeiras MG 6851', 
INTRODUCTION
Nutritional requirements and plant growth vary according to species and cultivar (Martinez et al. 1993 , Fageria 1998 , depending on the efficiencies of nutrient uptake (Duncan and Baligar 1990 , Sands and Mulligan 1990 , Swiader et al. 1994 , translocation (Li et al. 1991) , and use (Siddiqi and Glass 1981, Sands and Mulligan 1990) .
Several mechanisms related to morphologic and physiological plant characteristics contribute to an efficient nutrient use, such as: an extensive root system (to enable the exploitation of a great soil volume); a close relation between roots and canopy; the ability of the root system to modify the rhyzosphere (to cope with low nutrient levels); a high uptake or nutrient use efficiency; capacity to maintain a normal metabolism when nutrient contents in the tissues are low; and a high photosynthesis rate (Fageria and Baligar 1993) .
In crops such as fruits, where grafting has been studied in some detail, countless studies have shown up the positive influence of grafting on uptake and mineral composition (Economides 1976 , Lima et al. 1980 , Genú 1985 . A study by Albicheque and Bohnen (1998) into the macronutrient uptake by hydroponic grape plants via rootstocks reported significant differences in the mineral concentrations of one and the same cultivar grafted onto different rootstocks.
Although nutrition of coffee plants is a well-documented subject, articles that deal with grafted coffee are still rare. A study into the effect of grafting on mineral nutrition of coffee reported that the use of genotype Catimor as rootstock provided phosphorus and potassium increases in the leaves of the cultivars Mundo Novo and Caturra, when compared to non-grafted plants (Alves 1986) . In a grafting experiment with Coffea arabica L. on C. canephora Pierre et Froenher and on C. congensis Froenher progenies, grafted plants were found to have higher potassium and lower manganese leaf contents than the non-grafted ones (Fahl et al. 1998) . Figueiredo et al (2003) studied nutrient translocation in grafted seedlings of seven coffee cultivars, and verified that rootstock Apoatã 2258 did not influence phosphorus and calcium translocation in any of the analyzed cultivars, although it restricted manganese translocation.
The objective of the present study was to compare the effect of different rootstocks on the nutritional efficiency of hydroponic young coffee plants for nitrogen, phosphorus and potassium.
MATERIAL AND METHODS
The experiment was carried out in a greenhouse of the Universidade Federal de Viçosa (UFV), Minas Gerais State, Brazil, using the circulant method of nutritive solution, and sand as substratum.
Sixteen different combinations of scions and rootstocks, and four non-grafted controls, were tested in this experiment. Four Coffea arabica L. genotypes were used as scions: the cultivars Catuaí Vermelho IAC 15 and Oeiras MG 6851, and the breeding progenies H 419-10-3-1-5 and H 514-5-5-3. They were also used as non-grafted control plants. All but the first genotypes carried genes for resistance to Hemileia vastatrix Berk. et Br, pathogen of coffee rust. Four genotypes were used as rootstocks: 'Apoatã IAC 2258' (C. canephora, resistant to Meloidogyne incognita nematode), Conillon (C. canephora collected in Muriaé, MG), 'Emcapa 8141' (C. canephora, also called 'Robustão Capixaba'), and 'Mundo Novo IAC 376-4' (C. arabica).
Seeds of all genotypes were germinated in small boxes with sand, in the nursery, for 70 days. Then, the coffee scions were grafted onto the rootstock seedlings at the cotyledon stage as described by Moraes and Franco (1973) . Grafted and non-grafted seedlings were transplanted to new boxes with sand and placed in a wet chamber for 12 days. The seedlings were then retransferred to the nursery. After 15 days, uniform and vigorous seedlings were transplanted to cylindrical three-liter plastic pots filled with sand (one seedling per pot). In a modified procedure of Martinez (2002) , the substratum sand had been sieved, washed, and treated with commercial HCl to purify the material. After soaking in HCL for 24 hours, it had been washed repeatedly to eliminate any remaining H + and adjust the pH to 6. Subsequent to an acclimatization period, the plants were transferred to a greenhouse with a 50% sunlight reduction screen.
A modified Clarck (1975) The experiment was set up in a complete randomized block design with 20 treatments (16 rootstock/scion combinations plus four non-grafted plants, shown in Table 1 ) in four replications. Contrasts, with Student's t test at a probability of 5%, were used to compare pairs of means, each pair formed by the grafting combination and its respective non-grafted control. Data were analyzed with software GENES (Cruz 2001) .
Two liters of nutrient solution were poured into each pot. A ½ inch tube was attached to the perforated bottom of the pots to collect the drained off nutritive solution and transport it to the collector recipient Twice a day, the solution was manually returned to the pot, after completing the volume lost by evapotranspiration to two liters with de-ionized water. Nutrient solution concentrations were multiplied 1.5, 2.5, and 3.0 fold, after 30, H 514/EMCAPA 60, and 90 days. Daily adjustments with NaOH maintained the pH at 5.5 ± 0.5. Whenever the electric conductivity reached 60 ± 10% of the initial one, the solution was replaced.
Data were collected 170 days after the experiment had been installed in the greenhouse. The plant was then cut up in roots, stem, and leaves, the samples washed with demineralized water, dried under a fan at 70 o C until constant weight was achieved, and the biomass of every part evaluated. The dry plant tissues were ground in a Wiley mill. The samples for N determination underwent sulphuric digestion, which was assessed by turbidimetry, using the reagent of Nessler (Malavolta et al. 1997 ).
To determine P and K, the samples were subjected to nitricoperchloric digestion (Johnson and Ulrich 1959) and, based on the obtained extracts, the P content was determined by turbidimetry (Malavolta et al. 1997) , and K by the flame emission spectrophotometry method. Based on the dry matter and plant nutrient contents, the following indices were obtained: a) nutrient use efficiency = (total dry matter yield) 2 /(total plant nutrient) (Siddiqi and Glass 1981) ; b) uptake efficiency = (total plant nutrient content)/( root dry matter) (Swiader et al. 1994 ); c) and translocation efficiency = 100 x (nutrient content in the aerial part)/(total plant nutrient content) (Li et al. 1991) .
RESULTS AND DISCUSSION

Nutritional efficiency of nitrogen
According to the contrasts between means for an evaluation of the nitrogen use efficiency (NUE), significant NUE increases were observed in the grafting combinations Catuaí 15/Apoatã, H 514-5-5-3/Apoatã, and H 514-5-5-3/Mundo Novo, compared to the controls of Catuaí 15 and H 514-5-5-3 (Table 2) . These three combinations, mainly H 514-5-5-3/ Apoatã and H 514-5-5-3/ Mundo Novo, presented a higher nutritional efficiency owing to equal or higher values than the respective controls in the following characteristics: nitrogen root uptake efficiency (NRUE); nitrogen transport efficiency (NTE); total nitrogen content (TNC) ( Table 2) ; root dry matter weight (RW); and canopy dry matter weight (CW) ( Table 5 ). The NUE of the grafting combinations Oeiras/Apoatã, Oeiras/ Conilon, Oeiras/Emcapa 8141, H 419-10-3-1-5/Conilon, H 419-10-3-1-5/Emcapa 8141, and H 514-5-5-3/Conilon was significantly reduced, compared to the respective controls.
Oeiras and H 419-10-3-1-5 were not benefited by grafting in relation to the NUE. Parallel to significantly higher values of the NRUE for the combination Oeiras/Emcapa 8141 and higher NTE for the combinations Oeiras/Conilon, Oeiras/ Emcapa, and H 419-10-3-1-5/Conilon, we observed significantly lower values of the TNC (Table 2) , RW and CW (Table 5 ), compared to controls. This confirms the statement that Oeiras and H 419-10-3-1-5 were not favored by grafting, and therefore, efficient as controls. Iannini (1984) , who studied grape rootstocks, observed that these presented a great variation in vigor, as a result of the different nutritional requirements, since their roots were selective in ion uptake from the soil solution. Therefore, the genetic variability of rootstocks may be the main cause for a greater or smaller nitrogen use efficiency. In studies conducted by Correia et al. (1983) , the cultivar Mundo Novo was more * Significant at 5% probability, by t test. Table 2 . Nitrogen use efficiency (NUE), nitrogen root uptake efficiency (NRUE), nitrogen transport efficiency (NTE) and total nitrogen content (TNC) of the non-grafted control and grafted genotypes, in nutritive solution efficient at N utilization than Catuaí. Several studies in other crops show the differential behavior between the species or cultivars of the same species in nitrogen uptake and utilization (Fageria and Barbosa Filho 1982, Wuest and Cassman 1992) . Furlani et al. (1986) , who evaluated the differential behavior of rice breeding lines in nitrogen uptake and utilization from nutritive solution, verified that the differentiation among plants was, mainly, due to the N use capacity, with variation in the total dry matter.
Contrasts
The higher metabolic efficiency of the scions studied here may be a consequence of the nitrate enzyme reductase activity, resulting in a higher nitrogen use efficiency. According to Purcino et al. (1994) , this enzyme regulates the N metabolism, and reduces nitrate to ammonium for the incorporation into organic compounds of the root system and canopy. The increase of the enzymatic activity in roots can be harmful for plants, since the energy demand for nitrogen assimilation in the roots is somewhat higher than in the leaves. This can lead to competition for the available carbohydrates between growth and nitrogen assimilation in the root system (Carelli and Fahl 1991) .
Nutritional efficiency of phosphorus
When evaluating phosphorus use efficiency (PUE), genotype Apoatã, used as rootstock, was observed to offer improvements of 82.8% and 58.5% in nutrient use, in the combinations with Catuaí 15 and H 514-5-5-3, respectively, while the other grafting combinations did not obtain significant differences (Table 3) . Regarding the characteristic phosphorus root uptake efficiency (PRUE), no grafting surpassed the respective controls significantly in this nutrient uptake. However, the combinations Catuaí 15/Emcapa 8141, Oeiras/ Conilon, Oeiras/Emcapa 8141, H 419-10-3-1-5/Apoatã, H 419-10-3-1-5/Conilon, H 419-10-3-1-5/Emcapa 8141, H 514-5-5-3/Conilon, and H 514-5-5-3/Emcapa 8141 reduced the nutrient uptake in relation to the controls. For the characteristic phosphorus translocation efficiency (PTE), no grafting obtained satisfactory increases in nutrient translocation to the aerial plant parts (Table 3 ).
The increase of the PUE in the treatments Catuaí 15/ Apoatã, and H 514-5-5-3/Apoatã may be due to the greater metabolic efficiency of these grafting combinations, compared with their respective controls. This data can be observed in the variables PRUE, PTE, total phosphorus content (TPC), (Table 3) , and dry matter (Table 5 ). According to the results, there were no significant increases in uptake efficiency, translocation, and content of the studied plants. Therefore, the improvements in plant growth and the higher dry matter production must have been engendered by internal plant factors, which are neither morphological nor physiological, but possibly a higher metabolic efficiency.
The greater P use efficiency can be an important factor under restricting conditions for this mineral, since the plant could produce more requiring less of this nutrient. Alves (1986) studied grafting effects on mineral nutrition of Coffea arabica and observed that Catimor as rootstock provided increases of 31% in the P leaf contents of Mundo Novo and Caturra, demonstrating that rootstocks can alter the nutritional efficiency of coffee plants.
* Significant at 5% probability, by t test. Gerloff and Gabelman (1983) , the greater use efficiency may be consequence of the lower phosphorus demand for biochemical plant reactions, of the higher redistribution of the nutrient to growth points, or of a more intensive mobilization of P stored in cell vacuoles. Albichequer and Bohnen (1998) , in an evaluation of the P uptake, translocation, and use efficiency by wheat varieties, demonstrated that cultivars with efficient and inefficient phosphorus use from the nutritive solution differed in their capacity of transporting P to the aerial part and use it for dry matter yield. Whiteaker et al. (1976) , in a study on phosphorus use efficiency in dry matter production of common bean breeding lines, observed that under P stress, the photosynthesis rate was higher in the more efficient than in the less efficient plants. This fact suggests that P efficiency is associated to the photosynthetic metabolism.
In most of the grafting combinations, rootstocks Conilon and Emcapa 8141 influenced the P uptake unfavorably. This fact could be explained by kinetic uptake characteristics (Epstein 1972) , since factors like root hairs, mycorrhizas, and root morphology, which are important factors for soil cultivation, are different in nutritive solution (Araújo 2000) .
Nutritional efficiency of potassium
Focusing on potassium use efficiency (KUE), we observe that only the grafting combination H 514-5-5-3/Mundo Novo was superior in nutrient use, compared to the control. The combinations Catuaí 15/Conilon, Catuaí 15/Emcapa 8141, Oeiras/Apoatã, Oeiras/Conilon, Oeiras/Emcapa 8141, H 419-10-3-1-5/Apoatã, H 419-10-3-1-5/Conilon, H 419-10-3-1-5/ Emcapa 8141, H 514-5-5-3/Conilon, and H 514-5-5-3/ Emcapa 8141 presented an inferior KUE to the respective controls. In relation to the variable potassium root uptake efficiency (KRUE), only the combinations Catuaí 15/Apoatã and Catuaí 15/Conilon obtained increases in this nutrient uptake, compared to the respective controls. Scion Oeiras/ Emcapa 8141 was the only plant with a significant increase in the characteristic potassium translocation efficiency (KTE) ( Table 4) .
Potassium is a vitally important nutrient for coffee crop, found in high quantities in the vegetative parts and fruits. High K contents may be related to high yields (Malavolta 1993) and to product quality (Malavolta et al. 1997) . K is a highly mobile cation in the plant, fundamental for its metabolic activity (Marschner 1995) .
Due to the existence of genetic differences among plants regarding nutrition, plants adapted to different soil conditions can be selected and improved (Caradus 1990 ). More research remains to be done investigating whether the nutritional efficiency of a particular species or cultivar is related to processes associated to nutrient uptake, its internal redistribution, or to its utilization for metabolism (Duncan and Baligar 1990) .
The increased potassium use efficiency in the combinations with rootstock Mundo Novo must have been a consequence of the better utilization for metabolism and growth. When used as non-grafted plants, Oeiras and H 419-10-3-1-5 proved to be efficient at K use, but were not enhanced by any rootstock. In his studies on nutritional efficiency of nitrogen and potassium in Coffea arabica, Pereira (1999) verified progeny UFV 2983 as good genetic material in most of the efficiency concepts, retaining high estimates of K leaf contents, and converting this nutrient into grain yield in the aerial part. Oeiras MG 6851, a recently released arabica coffee cultivar (Pereira et al. 2000) , was derived by selection from UFV 2983. Cassman et al. (1989) evaluated K fertilization response of two cotton cultivars and found that the productivity of the cultivars efficient at potassium use was 29% to 35% higher in relation to the inefficient cultivar, in two years of trial.
Regarding KRUE, the increase of this characteristic in the combinations Catuaí 15/Apoatã and Catuaí 15/Conilon may be a consequence of the higher number of K uptake sites.
Evaluating KTE, the enhancement for K translocation provided by rootstock Emcapa 8141 grafted with Oeiras, did not improve the growth of the grafted plant. The movement of ions across the roots and their discharge in the xylem involve several steps that may restrict their ascension to the aerial part and could be the reason for the genotypic differences in nutrient uptake and movement (Gerloff and Gabelman 1983) .
A few number of studies on coffee grafting have manifested the potential of this technique to enhance nutritional efficiency. In studies with Coffea arabica cultivars grafted onto Coffea canephora progenies, Fahl et al. (1998) showed that, normally, grafting increased potassium plant contents by 11% and 8% for the cultivars Catuaí and Mundo Novo, respectively. Accordingly, the root system of the grafted plants, besides exploring a greater soil volume, attained a higher potassium uptake. Alves (1986) evaluated the grafting effect of C. arabica on mineral nutrition, and observed that the scions Caturra, Catuaí, and Mundo Novo on the rootstock Catimor increased the K uptake efficiency by 24%, 40%, and 52%, respectively.
CONCLUSIONS
1. Different graft/rootstock combinations had a varying effect on the nutritional efficiency of young coffee plants in hydroponics, compared to the respective non-grafted plants.
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